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INTRODUCTION 

Starch  is  one  of  the  moat  abxindant  and  most  nearly 
inexhaustible  soxorces  of  raw  organic  material  available 
to  mankind.   In  contrast  to  closely  related  cellulose  and 
other  important  organic  raw  materials  which  have  yielded  a 
multiplicity  of  industrially  important  derivatives,  starches 
are  used  merely  as  slightly  modified  forms. 

Much  work  has  been  carried  out  in  recent  years  in  an 
attempt  to  better  utilize  this  vast  reservoir  of  raw  material 
by  converting  it  into  industrially  feasible  derivatives. 
Such  derivatives  natvirally^,would  give  impetus  to  the  growth 
of  many  starch  bearing  crops  which  are  especially  adapted  to 
the  Midwest,  and  which  have  been  used  in  the  past  merely  as 
feed  crops.  However,  with  the  exception  of  some  ethers  and 
esters  which  are  of  little  industrial  importance,  few  de- 
rivatives of  starch  have  been  known  until  recently. 

In  1942,  intensive  work  was  be£un  in  this  laboratory  on 
the  liquid  phase  chlorination  of  starch  (1).  This  work  re- 
sulted in  products  containing  one,  two,  three,  four,  and  six 
chlorine  atocis  per  glucose  unit  (2);  however,  only  the  prod- 
ucts through  the  trichloride  appeared  to  retain  the  granular 
structure  of  the  original  starch.  Conditions  for  the  forma- 
tion of  the  monochloride  and  dichlorides  were  well  estab- 
lished, but  success  in  forming  the  granular  trichloride  was 
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attained  only  once. 

The  work  reported  in  this  thesis  deals  with  a  study  of 
the  conditions  believed  necessary  for  the  formation  of  the 
trichloride. 

LITERATURE  SURVEY 

References  to  the  chlorination  of  starch  with  liquid 
chlorine  are  rather  limited  since  the  only  reported  work  of 
this  nature  has  been  conducted  in  this  laboratory.   Many 
cases  have  been  reported  in  which  gaseous  chlorine  or  aqueous 
hypochlorites  have  been  used  to  effect  physical  changes  in 
starch,  but  these  have  not  produced  any  derivatives  contain- 
ing significant  amounts  of  bound  chlorine. 

Beutel  and  Kutselnigg  (3,  4)  carried  out  reactions  be- 
tween cellulose  and  liquid  bromine,  liquid  chlorine,  iodine, 
and  iodine  chloride.  They  noted  that  in  the  bromination  re- 
action a  large  excess  of  bromine  was  needed  to  prevent  car- 
bonization of  the  product.   Barham  and  Thomson  (1)  later 
found  this  to  hold  true  for  the  reaction  between  starch  and 
liquid  chlorine. 

The  work  which  was  done  upon  the  direct  chlorination  of 
starch  in  liquid  chlorine  from  1959  to  1947  was  reported  by 
Barham  and  Thomson  (1,  2).  Evidence  was  presented  in  support 
of  a  proposed  mechanism  of  reaction,  and  of  the  probable 
structure  of  the  products,  stickley  (5)  later  reported  upon 
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the  chlorination  of  a  solvent  extracted  cornstarch  In  liquid 
chlorine. 

HATDRF  OF  PROCESS  AHD  PRODUCTS 

It  has  been  shown  that  anhydrous  granular  starch  will 
react  with  a  suitable  excess  of  liquid  chlorine  at  tempera- 
tures from  55  to  80  to  form  derivatives  containing  one, 

two,  and  three  atoms  of  bound  chlorine  per  glucose  unit. 

o      o 

At  temperatures  of  from  90  to  125  ,  derivatives  may  be  ob- 
tained containing  four,  five,  and  six  chlorine  atoms  per 
glucose  unit.   It  has  been  found  that  a  molar  ratio  of 
chlorine  to  hydrogen  chloride  greater  than  6:1  must  be  nain- 
tained  until  the  product  has  reached  the  monochloride  stage; 
otherwise  an  uncontrolled  reaction  occurs  which  results  in 
complete  carbonization  of  the  starch.  There  is  evidence  to 
indicate  that  this  deactivation  of  a  hydrogen  chloride 
molecule  by  six  molecules  of  chlorine  is  due  to  complex 
formation. 

In  order  to  determine  the  extent  of  chlorination  of  a 
product,  analyses  are  made  of  the  amount  of  hydrogen  chloride 
formed  and  of  the  amoiant  of  bound  chlorine  in  the  product. 
The  results  of  these  analyses  are  expressed  as  the  niimber  of 
equivalents  per  glucose  vmit,  and  are  designated  as  HClg  and 
Olcf*     The  ratio  between  these  two  quantities  varies  contin- 


uously  durint  a  reaction  and  approaches  stoichiometric  pro- 
portions only  at  certain  sta£-es.  The  ratio,  then,  is  indic- 
ative of  a  series  of  reactions,  so  neither  value  alone  suf- 
fices to  describe  the  extent  of  reaction.  Thus,  for  exarr.ple, 
a  reaction  may  be  described  as  a  (3:1)  reaction,  indicating 
that  three  moles  of  hydrogen  chloride  have  been  evolved  per 
glucose  unit  and  one  atom  of  chlorine  has  become  bound. 

The  chlorination  reaction  occurs  in  three  stages.   The 
first  of  these  is  an  induction  period,  usually  several  hours 
in  length,  during  which  the  starch  gradually  turns  black. 
Practically  no  chemical  reaction  occurs  at  this  staee.  At 
the  end  of  the  induction  period,  a  sudden  increase  in  re- 
action rate  occurs,  during  which  a  monochloride  is  formed, 
and  the  starch  changes  to  a  pale  yellow.  After  completion 
of  the  monochloride  stage,  the  rate  of  reaction  decreases 
rapidly,  and  the  third  stage  is  initiated  during  which  the 
higher  chlorinated  products  are  formed. 

In  order  to  determine  the  probable  structure  and  com- 
position of  a  chlorinated  product,  the  adsorbed  gases  are 
removed  by  holding  the  product  for  24  hoxirs  at  0°  C.  and  five 
mm  of  mercury.  The  "degassed"  product  thus  obtained  contains 
chemically  bound  oxidi2sing  groups,  provided  chlorination  has 
proceeded  beyond  the  end  of  the  induction  period.  The  amount 
of  oxidizing  groups  may  be  determined  by  reduction  with 
iodide  ions  in  aqueous  acid  media.  Heating  of  the  degassed 
product  for  24  hours  at  70°  and  under  a  pressure  of  five  mm 


of  mercury  causes  an  evolution  of  hydrogen  chloride  and 
chlorine,  and  the  loss  of  most,  but  not  all,  of  the  oxidizing 
power. 

Analytical  data  obtained  by  ths  pyro lysis  show  that  three 
different  types  of  intermediate  structures  are  present  in  the 
degassed  products;  (1)  an  oxidizing  group  which  may  decompose 
to  yield  a  molecule  of  hydrogen  chloride,  (2)  an  oxidizing 
group  which  decomposes  entirely  to  yield  a  molecule  of  chlo- 
rine, and  (3)  a  nonoxldizing  group  which  decomposes  to  yield 
a  molecule  of  hydrogen  chloride. 

From  considerations  such  as  ths  above,  it  has  been 
assumed  that  the  following  single-carbon  structural  groups 
are  present  d\iring  the  ciilorination  process. 
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Structures  I  to  V,  inclusive,  are  tho  structures  which 
are  possible  for  carbons  two,  three,  and  six  of  the  glucose 
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vmit.  Structures  I  and  VI  are  present  In  the  original 
starch.  Carbons  one,  four,  and  five  may  have  the  3tructui*08 
represented  by  VI  and  VII. 

The  pyrolyzed  products  have  been  found  tc  contain  an 
oxidizing  group,  and  in  keeping  with  general  chemical  knowl- 
edge in  regard  to  the  stabilities  of  the  various  possible 
groups,  it  has  been  concluded  that  the  hypochlorite  is  the 
only  group  stable  enough  to  remain. 

The  positions  of  the  various  structural  units  wore 
assigned  after  considerable  study  of  the  kinetics  of  the  re- 
action and  of  tile  spatial  configuration  of  the  starch  gran- 
ule. It  was  upon  this  basis  that  the  following  structures 
were  assigned. 
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The  oc  -dlcarbonyl  structure  of  the  dichlorides  and 
trichlorides  is  substantiated  by  their  reactions  with  o-phenyl- 
ene-diaraine  in  alcoholic  solutions  to  form  dark  brown  quin- 
oxaline  derivatives,  an i  also  by  the  intense  yellow  color  of 
the  products,  which  is  typical  of  the  oc -dlcarbonyl  group. 
The  trichlorides  react  rapidly  with  Fuchsin-aldehyde  reagent 


whereas  the  dichlorides  react  only  after  several  minutes. 
This  supports  the  aldehydic  structure  of  the  trichloride. 

EXPERIMEHTAL  PROCEIX^RE 

Prior  to  each  chlorination,  the  starch  sample  was  ad- 
justed to  the  desired  moisture  level.   In  most  of  the  ex- 
periments, catalytical  amoxints  of  water  were  left  in  the 
starch  by  drying  it  to  the  desired  moisture  content  over  con- 
centrated sulfuric  acid  in  a  vacuiun  desiccator.   In  some  of 
the  experLments ,  however,  completely  dry  starches  vi'ere  used. 
These  were  prepared  by  drying  overnight  in  a  vacuxim  oven  at 
110°  C, 

After  the  desired  moisture  level  liad  been  attained, 
the  starch  sample  was  weighed  into  a  tared  glass  liner  which 
then  was  placed  into  a  specially  constructed  autoclave.  The 
autoclave  was  then  closed  off  and  evacuated  by  means  of  a 
mechanical  vacuum  pump  and  allowed  to  cool  to  -20°  C.  A  com- 
plete description  of  the  autoclave  used  in  this  work  is  given 
by  Barham  and  Thomson  (2). 

The  chlorine  was  distilled  into  the  chilled  autoclave 
using  a  five-foot  length  of  flexible  seamless  stainless  steel 
tubing  (1/16  In.  I.D.  and  1/8  in.  CD.)  to  connect  the  chlo- 
rine tank  to  the  autoclave.  The  cooling  of  the  chlorine  tank 
due  to  the  distillation  was  off-set  by  means  cf  a  specially 
constructed  Glas-col  electric  heater  jacket  which  was  fitted 
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arotmd  the  chlorine  tank.  Current  to  the  heater  was  regulated 
by  means  of  a  variac.  The  amount  of  chlorine  delivered  into 
the  autoclave  was  determined  by  loss  in  weight  of  the  cylinder 
during  the  transfer.  For  the  experiments  described  in  this 
paper,  450  grams  of  chlorine  were  used. 

When  the  desired  amount  of  chlorine  had  been  distilled 
into  the  autoclave,  it  was  placed  inside  its  heater  jacket, 
and  heating  and  shaking  were  started.  The  rate  of  heating 
was  adjusted  manually  until  the  desired  reaction  temperature 
was  reached,  after  which  the  temperature  was  maintained  by 
a  ^"heelco  Potentiotrol.  The  control  element  for  the  Potenti- 
otrol  was  an  iron-constaiitan  thermocouple  which  was  Inserted 
into  a  thermo-well  at  the  base  of  the  autoclave.  When  the 
desired  reaction  time  was  completed,  the  autoclave  was  re- 
moved from  the  heater  jacket  and  cooled  to  -20°  C.  as  quickly 
as  possible  to  quench  the  reaction. 

The  length  of  each  reaction  was  measured  from  the  time 
at  which  the  autoclave  reached  the  desired  reaction  temper- 
ature to  the  time  when  the  autoclave  was  removed  from  the 
heater  jacket.   In  this  manner,  all  reaction  tiroes  were  ex- 
pressed on  a  relative  basis. 

When  the  autoclave  was  considered  chilled  sufficiently 
to  stop  all  further  reaction.  It  was  removed  from  the  re- 
frigerated room  and  the  gases  which  it  contained  were  dis- 
charged slowly  through  two  water  filled  gas  washing  bottles 
fitted  with  fritted  glass  disks  to  ensure  thorough  scrubbing 


of  tha  effluent  gases.  VJhen  the  pressure  within  the  auto- 
clave reached  one  atmosphere,  tvjo  smaller  gas  washing  tubes 
were  attached  to  it.  These,  in  turn,  v.ere  connected  to  a 
vacuum  piomp.  The  first  tube  contained  wator  to  fix  the  re- 
maining hydrogen  chloride,  and  the  second  tube  contained  a 
10  per  cent  aqueous  solution  of  sodium  hydroxide  tc  fix  the 
remaining  gaseous  chlorine  and  prevent  its  entry  into  the 
vacuiffii  pximp.  The  pressure  within  th3  autoclave  was  reduced 
to  about  five  am  of  mercury,  maintained  thore  for  15  minutes, 
and  then  slowly  restored  to  atmospheric  pressure.  The  water 
scrubs  were  combined,  diluted  to  one  liter,  and  then  analyzed 
for  hydrogen  chloride.  The  autoclave  then  was  opened,  and 
the  tared  liner  was  weighed  to  determino  the  increase  in 
weight  of  the  product.  Preparatory  to  the  removal  and  es- 
timation of  the  amount  of  adsorbed  chlorine  and  hydrogen 
chloride,  the  product  was  placed  in  a  tared  125  ml  Erlenmeyer 
flask  with  a  24/40  standard  taper  neck,  and  the  weight  of  the 
flask  and  contents  was  determined.  The  flask  was  placed  in 
an  ice  filled  Dewar  flask,  and  connected  to  two  gas  washing 
tubes.   Thd  first  tube  contained  about  125  ml  of  water  to  fix 
hydro£:en  chloride,  and  the  second  contained  10  per  cent 
aqueous  sodium  hydroxide  to  fix  chlorine.   Both  tubes  wore 
also  immersed  in  ice  filled  Dewar  flasks.  The  second  tube 
was  connected  to  a  bubble  cotmter,  filled  with  sulfuric  acid, 
and  the  bubble  counter  was  connected  to  a  vacuiun  pump  which 
was  protected  by  a  tube  packed  with  alternate  layers  of 
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sodium  hydroxide  arid  calcium  chloride.  The  pressure  within 
the  syatem  was  reduced  to  five  mm  of  mercury  arui  held  there 
for  24  hours. 

At  the  end  of  the  degassing  period,  pressure  was  re- 
stored to  normal,  and  the  flask  containing;  tho  product  was 
removed,  washed  with  absolute  ethanol,  wiped  with  a  clean 
cloth,  and  dried  in  a  desiccator  for  30  minutes  prior  to 
weighing.  The  loss  of  weight  of  ths  product  was  then  de- 
termined, and  a  sajjiple  was  removed  for  analysis.  The  water 
scrub  was  removed  from  the  ice  bath  and  diluted  to  500  ml 
in  a  volumetric  flask.  It  was  analyzed  for  hydrogen  chloride. 

Pyrolysls  of  the  product  was  conducted  in  much  the  same 
manner  as  the  above  operation.  The  tared  flask  and  weighed 
product  were  placed  in  an  oil  bath  maintained  at  70*^  c. 
For  the  pyrolysls,  however,  no  water  scrub  was  used.   In- 
stead, the  gaseous  products  of  the  pyrolysls  were  passed 
throuf-h  a  single  gas  washing  tube  containing  about  125  ml 
of  10  per  cent  aqueous  sodium  hydroxide.  Tills  tube,  in  turn, 
was  connected  to  a  bubble  covmter  and  vacuum  piaap  as  used  in 
the  degassing  procedure.  The  sodium  hydroxide  solution  was 
maintained  at  0  C.  by  means  of  a  Dewar  flask  filled  with 
crushed  ice.  •  The  pressure  within  the  system  was  then  reduced 
to  5  mm  for  24  hours.  At  the  end  of  the  pyrolysls  period, 
the  pressiire  in  tho  systen  was  restored  to  normal,  and  the 
flask  containing  the  pyrolyzed  product  was  cleaned  with  pe- 
troleum ether,  cooled  in  ice  water,  washed  in  absolute  ethanol. 
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and  dried  In  a  desiccator  for  30  minutes  prior  to  weighing. 
The  loss  in  weight  was  a  measure  of  the  amount  of  Inter^ie- 
diate  structures  which  had  decomposed  and  had  been  carried 
over  into  the  sodium  hydroxide  scrub  tube.  The  basic  scrub 
solution  then  was  removed  and  diluted  to  500  ml  in  a  volu- 
metric flask.   It  was  analyzed  for  sodium  hypochlorite  and 
total  chlorine  content.  The  difference  between  the  two  values 
was  a  measure  of  the  amount  of  hydrogen  chloride  which  had 
been  formed  during  pyrolysis,  and  the  amount  of  sodium 
hypochlorite  was  a  measure  of  the  amoimt  of  chlorine  which 
had  been  formed  during  pyrolysis.  Both  the  degassed  and  py- 
rolyzed  products  were  analyzed  for  bound  chlorine  by  fusion 
with  sodium  peroxide  and  precipitation  of  the  chloride  ions 
with  silver  nitrate. 

RESULTS  AKD  CONCLUSIO^TS 

The  first  reported  formation  of  the  starch  trichloride 
was  achieved  by  the  use  of  a  temperature  gradient  starting 
at  50  C.  The  moisture  level  of  the  cornstarch  which  was 
chlorinated  was  0.39  per  cent.  Other  experiments  had  pre- 
viously shown  that  cornstarch  gave  no  appreciable  reaction 
with  liquid  chlorine  below  55  .   The  success  of  the  exper- 
iment indicated  that  the  catalytic  amount  of  water  under  the 
conditions  present  in  the  autoclave  below  55°  was  able  to 
disrupt  the  extensive  pattern  of  hydrogen  bonding  to  such  an 
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extent  that  certain,  functional  groups  were  ir-ado  available  for 
reaction.   This  consisted,  essentially,  of  freeing  the  priraary 
hydroxyl  £^roup«  The  present  work  was  started  en  this  basis. 

A  series  of  experiments  designated  as  GF-3  through  GP-12 
was  begun  on  October  3,  1950  to  determine  ^..-^   kinetics  of  a 
reaction  between  cornstarch  No.  10  and  liquid  chlorine  using 
a  temperature  gradient.  Fifty  degrees  centigrade  was  chosen 
as  the  starting  temperature,  and  a  moisture  level  of  approx- 
imately 0*5  per  cent  was  used  in  all  samples  prior  to  chlo- 
rination.   The  reaction  proceeded  as  shown  in  Fig.  i.   It 
soon  became  obvious  that  cornstarch  No.  10  was  a  relatively 
unreactive  starch.  Several  attempts  were  made  to  increase 
the  reactivity,  but  no  appreciable  success  was  attained.   It 
was  thought  possible  that  the  extraction  of  the  lipids  from 
cornstarch  with  aramoniuir.  hydroxide  might  leave  the  surfaces 
c  the  granules  much  more  porous  than  in  the  native  starch. 
Chlorination  of  a  sample  of  cornstarch  Ko.  10,  designated 
as  experir;ent  GF-20,  which  had  been  extracted  Hiith  concen- 
trated ajsmcniuri  hydroxide,  resulted  in  a  product  vith  a  smaller 
percentage  of  bound  chlorins  than  was  obtained  by  chlorinating 
untreated  cornstarch  No.  10  under  the  same  reaction  condi- 
tions.  Removal  of  the  lipids  from  the  granular  surfaces 
apparently  was  attended  by  a  second  change  which  resulted  in 
a  diminution  of  the  size  of  tho  surface  openings. 

Another  suitable  approach  to  the  problem  seemed  to  be  to 
solvent  extract  the  starch  with  hot  methanol  according  to  the 
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method  of  schock  (6)  prior  to  its  chlorlnation.  The  result- 
ant product,  hov^ever,  contained  slightly  loss  chlorine  than 
the  product  formed  from  the  ammonium  hydroxide  extracted 
starch. 

It  is  generally  recognized  that  ordinary  cornstarch  con- 
sists of  oc-D-glucose  units  joined  primarily  throvigh  1,4- 
ether  linkages;  however,  approximately  four  per  cent  of  the 
gross  structure  consists  of  1,6-other  linkages.  Recent  work 
by  Barham  emphasizes  tiie  possibility  that  most  of  the  1,6- 
ether  linkages  occui-  in  the  surface  of  the  granules.   The 
chlorlnation  of  such  a  surface  structui-e  would  very  likely 
proceed  at  a  Biuch  greater  rate  than  the  chloidnation  of  the 
interior  structure.  The  result  would  be  a  replacement  of 
small  hydrogen  atoms  in  the  surface  lattice  of  the  granule 
with  large  chlorine  atoraa,  and  of  course  the  porosity  of  the 
surface  would  bo  considerably  diminished.  Removal  ol  the  lip- 
oid material  from  the  granular  ijurfaces  would  probably  accen- 
tuate this  effect;  however,  the  rate  of  chlorlnation  of  the 
surface  structvire  should  not  be  assumed  to  be  tne  sole  factor 
governing  the  availability  of  chlorine  to  the  interior  of  the 
granule  since  both  airsTnonium  hydroxide  extraction  and  methanol 
extraction  have  been  shown  to  produce  marked  changes  in  the 
pasting  characteristics  of  starches.  These  effects  of  ex- 
traction upon  pasting  characteristics  have  been  interpreted 


*  Personal  communication  of  unpublished  data  from  this 
laboratory. 
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as  being  due  to  structural  changes  in  the  surfaces  and  within 
tlia  granules.  L.vidently,  extraction  of  a  starch  results  in 
an  Increase  in  the  aiaouat  and  extent  of  hydrogen  bonding 
within  the  granule,  and  the  increased  degree  of  structurali- 
zation  is  reflected  in  tho  rate  of  chlorinatlon«  The  chlori- 
natlon  reaction,  then,  may  be  considered  as  a  function  of  the 
rate  of  th^  availability  of  the  functional  groups  as  deter- 
mined by  the  granular  surface  or  the  internal  structure  or 
both. 

Since  vary  little  progress  had  been  inade  toward  the  I'or- 
mation  of  the  trichloride,  a  slightly  different  approach  to 
the  problem  was  tried.   The  dichloride  obtalxied  from  experi- 
ment uP-44  wao  re-chlorinated  in  experiment  CF-51.   It  was 
reasoned  that  the  intermediate  structural  ixnits  such  as  the 
chlorocarbinol  and  chlorohypochlorite  which  v.-ere  foriaed  dur- 
ing the  first  chlorination  occupied  favorable  positions  in 
the  walls  of  the  helices.  When  such  structures  were  broken 
down  during  pyro lysis,  it  seeraed  probable  that  new  avenues  of 
approach  to  the  primary  carbinol  groups  located  on  the  outer 
walls  of  the  helices  would  result.  The  product  of  experiinent 
GP-51  seemed  to  substsuitiate  this  view  to  a  certain  extent 
since  a  large  increase  in  the  carbonyl  content  was  observed; 
however,  the  amount  of  boxind  chlorine  increased  only  slightly, 
indicai-ing  that  carbons  five  and  six  v<ere  still  protected. 

The  experiinents  designated  as  GP-39,  aP-42,  and  GP-43 
were  chlorinatlons  of  South  African  kafir,  San  Domingo 
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tapioca»  an..  V.estland  Y   Ccidy  sorghma  starches,  respectively, 
and  rere  atteaipts  to  fini  a  starch  having  a  higher  Initial 
reactivity*   Of  the  thi'ee,  the  li'.estland  X  Cody  proved  the  moat 
reactive,  and  its  dichloride  was  re-chlorinated  In  experiment 
GF-55*   The  product  of  the  re-chlorination  had  a  high  chlo- 
rine content,  but  due  to  experimental  difficulties,  part  of 
the  gases  produced  during  the  reaction  were  lost  so  the 
amounts  of  bound  chlorine  and  hydrogen  chloride  evolved  could 
not  be  calculated;  however,  the  per  cent  of  bound  chlorine 
in  the  pyrolyzed  product  was  still  far  short  of  the  desired 
trichloride. 

Experiments  GP-56  and  GF-57  were  carried  out  to  detsr- 
min©  the  effect  of  re-chlorinatiag  a  degassed  dichloride  made 
from  the  Vi'estland  X  Cody  starch.  Tho  results,  as  shown  in 
Table  2,  indicate  very  little  progress  beyond  the  dichloride 
stage. 

It  was  finally  concluded  that  the  catalytic  amounts  of 
water  employed  in  all  of  tho  experiments  up  through  GF-57 
yielded  no  perceptible  beneficial  results.   This  could  bo 
explained  by  assuming  that  the  small  amounts  of  moisture 
present  in  the  starches  were  not  in  positions  which  would 
enhance  the  reactivities  upon  cleavage  of  hydrogen  bonds. 
Experi;aent3  GP-59  tlirough  GF-63  were  carried  out  using  aai-iples 
of  '.VGstlai:d  :  Cody  starch  which  had  been  dried  in  vacuo  at 
110°. 
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Experiments  GP-59  and  GF-61  wero  conducted  to  determine 
the  effect  cf  forming  a  dichloride  frora  a  completely  dry 
starch,  degassing  arid  pyrolyzlng,  and  then  re-chlorinating 
the  pyrolyzed  product  at  a  higher  teinperature.  fjcperiment 
GP-60  was  conducted  tc  compare  the  effect  of  chlorinating  an 
Identical  sainple  at  the  same  reaction  temperatures  and  for 
the  same  periods  of  time,  but  without  stopping  the  reaction 
until  the  total  time  had  elapsed.  Experiments  GP-62  and  GF- 
63  were  conducted  tc  determine  the  effect  of  formine  a  di- 
chloride frcni  a  corapletely  dry  starch,  degassing  only,  and 
then  re-chlorinating  the  degassed  product* 

It  is  apparent  from  the  data  of  Table  2  that  when  the 
product  was  removed  and  pyrolyzed,  a  decrease  in  the  reactiv- 
ity was  produced.  Thus  it  seoms  that  decomposing  and  remov- 
ing the  unstable  intersiediato  structiires  from  their  posi- 
tions within  the  walls  of  the  helices  under  the  conditions 
employed  for  pyrolysis  allowed  the  helices  tc  assume  a  more 
compact  and  stable  configuration.   On  the  ether  hand,  the 
results  indicate  that  when  the  intermediate  structures  were 
decomposed  in  the  reaction  chamber  the  helices  had  no  chance 
to  assume  a  more  stable  configuration  because  the  chlorine 
which  was  present  was  able  to  immediately  penetrate  the 
micelle  walls,  at  least  to  a  certain  extent.  That  this  ex- 
tent was  limited  is  shown  by  the  small  amount  of  hydrogen 
chloride  evolved  beyond  the  dichloride  stage.  Apparently 
only  one  hydrogen  from  carbon  five  or  six  was  involved  to  any 
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great  extent.  Removal  of  the  dlchlorlde  fonaed  in  experi- 
ment GP-62  and  degassing  prior  to  re-chlorlnatlon  apparently 
induced  a  slightly  different  course  of  reaction  as  indicated 
by  the  increased  amount  of  hydrogen  chloride  formed  in  ex- 
periment GP-63.   Notable  also  is  the  increase  in  the  aJBount 
of  carbonyl  structure.  Lssentially,  the  main  difference  be- 
tween the  fonaation  of  products  GF-61  and  GP-63  was  that  all 
hydrogen  chloride  was  removed  from  the  reacticn  medivun  prior 
to  completion  of  the  latter  half  of  the  reaction  for  GP-6S. 
Since  it  has  been  shown  that  one  molecule  of  hydrogen  chlo- 
ride fcnTiS  a  complex  with  six  molecules  of  chlorine,  it  seema 
very  probable  that  the  hydrogen  chloride  formed  during  the 
early  part  of  the  reaction  resulted  in  a  slight  decrease  in 
the  availability  cf  chlorine  at  the  reactive  centers  within 
the  granules.  The  results  of  experiment  ap-63  also  indi- 
cate that  a  more  extensive  reaction  with  carbons  five  and 
six  occurred.  This  is  shown  by  the  comparatively  large 
amount  of  carbonyl  structure  formed. 

One  thing  which  should  be  emphasized  was  the  riarked 
difference  in  reactivity  between  cornstarch  No.  10  which  was 
a  nonglutinous  starch,  and  the  Westland  X  Cody,  •if?hich  was  a 
glutinous  type  of  starch.  Ixamination  of  the  pasting  char- 
acteristics cf  cornstarch  No.  10  and  of  the  iodine  sorption 
behavior  of  the  Wostland  7.  Cody  (7)  revealed  that  both 
starches  were  inhibited,  indicating  rather  tight  surface 
structures.  On  the  other  hand,  a  comparison  of  the  chlori- 
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nation  data  from  both  starches  suggests  the  possibility  that 
even  thovigh  the  granular  surfaces  of  the  Westlend  X  Cody  wei^ 
restricted,  they  possessed  soiae  type  of  structure  which  was 
able  to  undergo  a  stretching  action  as  the  chlorine  diffused 
into  the  Inner  regions  of  the  granules.   Tho  eranular  sur- 
faces of  the  cornstarch  were  In  a  restricted  state  initially, 
and  seemed  to  re^oain  so.  studies  of  pasting  characteristics 
have  also  indicated  that  glutinous  type  starches  have  a  rrach 
less  integrated  type  of  internal  structure,  which  would  seem 
to  allow  more  complete  diffusion  of  chlorine  throughout  the 
granule  prior  to  reaction.  Apparently,  both  conditions  com- 
bined to  Increase  the  extent  of  chlorination  of  the  glutinous 
type  of  starch. 

The  failure  to  form  a  trichloride  sir.ilar  to  the  one 
reported  by  Barrxam  and  Thomson  (1)  maj   have  been  due  tc  the 
difference  in  the  tenperature  gradients  used.   The  lor  initial 
temperature  used  in  tii©  successful  work  may  have  been  able, 
with  the  aid  of  the  catalytic  amount  of  water  employed,  to 
cause  structural  cJianges  in  the  granular  surfaces.   In  this 
manner,  the  original  rather  rigid  surface  structure  was 
changed  to  a  more  elastic  type  structure  which  would  make  the 
granular  interiors  much  more  accessible  to  the  chlorinating 
medluja. 

lleedloss  to  aay,  the  results  of  the  entire  study  were 
somewhat  disappointine"  as  tho  desired  goal  of  formation  of 
the  (9:3)  trichloride  was, not  attained;  however,  it  is  hoped 
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that  a  worthy  contribution  has  been  made.   It  is  the  opin- 
ion of  the  author  that,  in  the  light  of  recent  developments 
in  thi3  laboratory,  information  may  soon  be  available  to 
provide  a  solution  to  the  problem. 

SU!.T?IARY 

The  kinetics  of  the  reaction  between  cornstarch  No.  10, 
containing  a  catalytic  amoimt  of  water,  and  chlorine  were  de- 
termined in  an  effort  to  find  the  conditions  necessary  for 
the  formation  of  the  trichloride.  Cornstarch  No.  10  was  foiind 
to  be  relatively  unreactive,  so  several  pre treatments  were 
tried  in  attempts  tc  increase  the  reactivity. 

Extraction  with  both  amTaonium  hydroxide  and  hot  85  per 
cent  methanol  resulted  in  decreased  reactivity.  From  this, 
and  considerations  of  the  pasting  characteristics  of  ex- 
tracted starches,  it  was  concluded  that  Vne   chlorination  re- 
action may  be  considered  as  a  function  of  the  rate  of  the 
availability  cf  the  functional  groups  as  determined  by  the 
grsuiular  surface  or  the  internal  structure  or  both. 

Re-chlorinaticn  of  samples  of  dichlorides  made  from 
cornstarch  No.  10  resulted  in  large  increases  in  the  car- 
bonyl  content,  but  the  amounts  of  bovind  chlorine  remained 
low.   Cornstarch  Ho.  10  was  finally  discarded  because  of  its 
\mre  activity. 

Westland  X  Cody  scrghiam  starch  was  found  to  be  fairly 
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reactive,  and  re-chlorination  of  its  dlclilorides  resulted 
in  products  having  rather  large  amounts  of  bound  chlorine 
and  carbonyl  structures;  however,  the  most  reactive  saiiiples 
were  obtained  by  first  removing  all  moisture  by  drying  in 
vacuo  at  110 ''.  It  was  also  foiind  that  a  slight  decrease  in 
reactivity  of  the  dichlorides  were  produced  by  removing,  and 
pyrolyzing  the  dlchloride  prior  to  re-chlorination,  and  an 
increase  in  reactivity  was  produced  by  removing  and  degassing 
prior  to  re-chlorination. 

The  marked  difference  between  ths  reactivities  of  corn- 
starch No.  10  which  was  a  nonglutinous  starch  and  the  West- 
land  X  Cody  which  was  a  glutinous  starch  was  believed  to  be 
due  to  sorae  type  of  structure  in  the  surface  of  the  glutin- 
ous starch  which  was  able  to  xindergo  a  stretching  action  as 
the  chlorine  diffused  into  the  granules,  and  also  to  a  less 
Integrated  internal  structure  which  would  seem  to  allow  more 
complete  diffusion  of  the  chlorine  throughout  the  gra:iules. 
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The  purpose  of  the  work  was  to  study  the  effects  of  various 
experimental  factors  such  as  time ,  temperature ,  and  varied  pre- 
treatments  upon  the  reaction  between  starch  and  liquid  chlorine 
in  an  attempt  to  find  a  means  of  forming  the  starch  trichloride. 

All  reactions  were  carried  out  in  a  specially  constructed 
autoclave  which  was  heated  and  stirred  by  means  of  a  rocking 
heater  jacket,.  At  the  end  of  each  reaction,  the  autoclave  was 
chilled  thoroughly,  and  the  gaseous  products  of  the  reaction  were 
removed  and  determined.   The  product  was  then  removed,  degassed 
for  a  period  of  24  hours  at  zero  degrees  centigrade  and  five  mm 
of  mercury,  and  then  pyrolyzed  for  24  hours  at  70°C  and  five  mm 
of  mercury,..  The  amount  of  bound  chlorine  and  the  amount  of 
hydrogen  chloride  evolved  per  glucose  unit  were  then  determined. 

First,  the  kinetics  of  the  chlorination  of  a  cornstarch 
containing  a  catalytic  amount  of  moisture  of  the  order  of  0,5 
per  cent  were  studied,  but  no  perceptible  beneficial  results 
were  obtained.  Extraction  of  the  same  cornstarch  with  both 
concentrated  ammonium  hydroxide  and  hot  methanol  resulted  in  a 
decrease  in  the  extent  of  chlorination.  This  was  thought  to  be 
due  partly  to  an  increase  in  the  rate  of  chlorination  of  the 
surface  structure  due  to  removal  of  the  lipoid  material  from  the 
granular  surfaces.  This,  in  turn,  apparently  resulted  in  a 
decrease  in  the  porosity  of  the  granular  surfaces.   Previous 
work  has  indicated  that  extraction  causes  an  increase  in  the 
degree  of  structurallziitlon.   This,  also,  was  thought  to  play 
an  important  role  in  the  decreased  extent  of  chlorination. 


An  attempt  was  made  to  Increase  the  extent  of  chlorination 
by  first  formi.ng  a  dichloride  from  a  cornstarch,  degassing  and 
pyrolyzing,  and  then  rechlorinating  the  pyrolyzed  product.  A 
large  Increase  in  the  carhonyl  content  of  the  final  product 
was  observed,  but  the  amount  of  bo^und  chlorine  increased  only 
slightly,  A  West land  X  Cody  sorghum  starch  proved  to  be  a  much 
more  reactive  starch  than  the  cornstarch,  and  rechlorination  of 
dichlorides  formed  from  the  V/estland  X  Cody  resulted  in  large 
increases  in  the  amounts  of  bound  chlorine  and  of  carbonyl 
structure;  hov;ever,  no  product  reached  the  trichloride  stage. 

Previous  work  had  shown  that  both  starches  were  Inhibited, 
indicating  rather  tight  surface  structures;  however,  the 
chlorination  data  suggests  the  probability  that  the  granular 
surfaces  of  the  V/estland  X  Cody,  which  was  a  glutinous  type  of 
starch,  possessed  some  type  of  structure  v;hich  was  able  to 
undergo  a  stretching  action  as  the  chlorine  diffused  into  the 
granules.  The  granular  surfaces  of  the  cornstarch,  which  was 
a  non-glutinous  starch,  were  in  a  restricted  state  initially, 
and  seemed  to  remain  so. 


